B
irds have fascinated naturalists and amateur birdwatchers alike for thousands of years with their remarkable abilities and behaviors (Konishi et al. 1989) . These include migrating thousands of kilometers using only the earth's magnetic fi eld as their compass (Wiltschko and Wiltschko 2010) ; memorizing and performing complex songs after limited exposure (Hultsch and Todd 2008) ; and "caching" and, after many months, retrieving food from hundreds of different locations (Raby and Clayton 2010) . Despite these impressive abilities, the popular impression is that birds are cognitively limited-the expression "birdbrain" has long been part of the colloquial vernacular to denote a lack of intellectual ability. Even a recent popular science book (Weiner 1999 ) translated the name of the fruit fl y learning mutant linotte (after the French expression tête de linotte) as "birdbrain."
Bird Brains Are Not "Birdbrains"
The notion of limited avian cognition was based on false understanding of brain evolution popularized at the turn of the last century, when much of brain nomenclature was fi rst assigned. In recent years, detailed anatomical and molecular studies have shown that avian brains are in fact quite similar in their organization to mammalian brains (Jarvis et al. 2005) , and in 2004 the names of many structures in the avian brain were renamed to refl ect these similarities (Reiner et al. 2004) . This revised view is also consistent with many of the higher cognitive abilities observed in birds (Emery and Clayton 2005) , such as the tool-making skills in New Caledonian crows (Corvus moneduloides) (Taylor et al. 2007 ) and the abstract communication skills exemplifi ed by Alex the African grey parrot 1 (Pepperberg 2002 ).
1 The name Alex was actually Pepperberg's acronym for Avian Language EXperiment, which she subsequently renamed Avian Learning EXperiment.
In this issue a diverse a group of authors showcase some of the current exciting research on birds. Most of the work described involves the use of birds as model systems in the laboratory to study brain function and its impact on behavior, and many of the scientifi c fi ndings have had a signifi cant impact in the neurosciences. Such fi ndings include the demonstration of neurogenesis in adult brains (Nottebohm 2008) , the discovery that hormones can cause profound changes in behavior by their direct effects on brain anatomy and function (Arnold and Gorski 1984; Ball and Balthazart 2004) and that brain maps of auditory space are computed constructs that can be shaped by experience (Knudsen 2002) .
In the following sections I summarize the scientifi c topics covered in this issue, emphasizing how the new view of brain homologies between birds and mammals will change perceptions of neurobiological research in birds. I also highlight the importance of animal husbandry and care in such research and illustrate some of the ways that research provides information about crucial aspects of care for birds in laboratory research settings.
Hormones, Brains, and Behavior
Birds have a long and rich history in research as model systems for understanding the hormonal regulation of behavior (Hinde 1965; Lehrman 1965) . Bird studies are also responsible for many of the major fi ndings in the fi eld of neuroendocrinology (Wingfi eld 2005) , including the fi rst evidence that, in addition to peripheral actions, steroid hormones can have a direct effect on the brain (Komisaruk 1967) . In this issue Ball and Balthazart (2010) , two leading neuroendocrinologists, describe work in the Japanese quail, an ideal model system for exploring the neural control of reproductive behavior. The authors discuss a number of studies, in areas ranging from behavior to brain circuit manipulation to molecular characterization, to illustrate how local control of androgen levels in the midbrain regulates reproductive behavior. These studies are the fi rst to demonstrate that testosterone acts through its estrogenic metabolites and that levels of aromatase, the enzyme that converts testosterone to estradiol, are regulated locally and surprisingly rapidly (within minutes) in these brain areas. In line with these fi ndings, recent work in songbirds has provided the fi rst evidence that local increases in estrogen can have rapid and direct modulatory infl uences on forebrain sensory response properties (Tremere et al. 2009 ).
Hair Cells, Brain Maps, and Learning
Many species of birds have a highly refi ned sense of audition, with abilities to detect sounds that are signifi cantly lower in amplitude than the threshold for human hearing (Dooling et al. 2000) . As a result, birds have served as important model systems for hearing research.
Two articles in this issue highlight very different areas of auditory research. Saunders (2010) covers work performed in the auditory periphery, exploring auditory hair cell regeneration and its role in inner ear injury and repair after acoustic trauma. Because the avian basilar papilla (cochlea) is for the most part very similar to that of mammals, it serves as an excellent model for studying how sound is transduced into neural impulses. One of the discovered features of the avian inner ear is that hair cells, unlike their mammalian counterparts, are able to regenerate after acoustic trauma (BerminghamMcDonogh and Rubel 2003; Corwin and Cotanche 1988) . Because acoustic trauma in mammals leads to permanent hair cell damage and hearing loss, there has been much effort to understand how supporting cells in birds are able to reenter the cell cycle and differentiate into functional hair cells. Saunders provides a valuable historical perspective on the studies in this fi eld and offers some cautionary tales about the dangers of overemphasizing the similarities between avian and mammalian hair cells and hearing loss.
In the other article, Peña and DeBello (2010) describe work relating higher-level auditory processing and sound localization. They also highlight the value of studying well-defi ned circuits in the context of ethologically relevant behaviors to learn about fundamental principles of learning and memory.
Birds of prey are accomplished hunters and can identify prey from great distances using either subtle visual or auditory cues. Work pioneered by the laboratories of Konishi and Knudsen mapped out an entire circuit in the auditory midbrain that uses differences in sound cues in both ears, such as time and loudness, to compute a map of auditory space (Knudsen 2002; Konishi 2003 ). Peña and DeBello provide an overview of the computations involved in creating this map and describe how it realigns itself after manipulation (the mounting of prisms on the bird's eyes) that causes an immediate shift of the visual map. This remapping occurs over a period of weeks and consists of structural changes in the neural projection patterns to create a memory trace of the prismatic experience.
Not only is this work probably one of the most robust and elegant demonstrations of the types of structural changes that can accompany memory formation, but one of the fi ndings has potentially profound implications for animal husbandry. In Knudsen (2002) it was believed that map shifting occurs only in young birds during a critical period. But Peña and DeBello discuss recent fi ndings showing that shifts can also occur in adult birds if they are housed in larger fl ight cages with other birds and allowed richer visuomotor experiences, such as those of fl ight and active hunting.
The evidence suggests that housing in small cageswhere sensory, motor, and possibly social experiences are more limited and passive in nature-can profoundly impair animals' learning processes. The studies thus imply that impoverished housing may have a direct effect on how the brain learns and establishes long-lasting memories.
Molecular Genetic Manipulations in Birds
There are now two fully sequenced and annotated bird genomes: the zebra fi nch (Taeniopygia guttata; Warren et al. 2010 ) and chicken (Gallus gallus; McGrew et al. 2004 ). This information allows for the possibility of constructing ever more comprehensive complementary DNA microarrays to explore how variables such as seasons, hormones, and specifi c behaviors might regulate gene expression patterns (Li et al. 2007; Replogle et al. 2008; Wada et al. 2006) . Despite signifi cant advances in the generation of transgenic mammals, where specifi c genes can be overexpressed or knocked out, progress in birds has been much slower.
Scott and colleagues (2010) provide a historical perspective of avian transgenesis and, using basic principles of avian development, describe how the creation of transgenic birds is fundamentally different from the process in mammals. The use of lentiviral vectors to generate transgenic animals with high germline transmission rates is a promising new technique that has yielded transgenic chickens (McGrew et al. 2004) , quail (Scott and Lois 2005) , and songbirds (Agate et al. 2009 ). The authors also highlight some of the challenges of avian transgenesis, including the inability to derive embryonic stem cells to contribute to the avian germline.
In addition to a potentially profound impact on the poultry and therapeutics industries, Scott and his coauthors discuss how transgenic birds may revolutionize the ability to manipulate gene activity in the context of behaviors such as vocal learning in songbirds.
Redefi ning the Similarities in Brain Organization in Birds and Mammals
Much of the bird research on neural circuits in higher-order forebrain areas has been misinterpreted because of the longstanding but erroneous notion that the avian telencephalon consists almost entirely of an enlarged basal ganglia, an area of the brain primarily associated with instinctive behaviors. This misconception dates back to fl awed theories of brain evolution developed more than 100 years ago when it was theorized that birds inherited an old basal ganglia structure (paleostriatum) from their fi sh ancestors and that the remainder of the telencephalon consisted of expanded basal ganglia (Edinger et al. 1903; Jarvis et al. 2005 ). This belief led to the naming of the different subdivisions of the telencephalon in birds as derivatives of this striatal tissue, with names such neostriatum, hyperstriatum, and archistriatum.
Beginning in the 1960s, and especially during recent decades, evidence mounted that this view was incorrect and that avian brains in fact share many similarities with those of mammals (Jarvis et al. 2005; Karten 1969 ), resulting, in 2004, in a complete revision of avian brain nomenclature (Reiner et al. 2004 ) and the categorization of the avian telencephalon into two main divisions. One division, the subpallium, makes up about a third of the telencephalon (as it does in mammals) and contains the basal ganglia and basal forebrain. The second division, the pallium, consists in mammals largely of six-layered isocortex and a number of other areas, including the hippocampus, claustrum, and part of the amygdala; in birds, pallial tissue does not readily appear similar to layered cortex because much of it is organized as precisely interconnected brain nuclei rather than layers. Recent work, however, using highly sensitive tracers (Wang et al. 2010 ) and molecular markers for specifi c cortical layers (Jarvis et al. 2005) suggests that parts of the avian pallium are much more similar to mammalian cortex than previously thought. There is also increasing evidence that circuits involving the pallium, basal ganglia, and thalamus, where dysfunctions underlie many neuropsychiatric disorders, are highly conserved in both birds and mammals (Farries and Perkel 2008) . These exciting new fi ndings will greatly facilitate comparisons between research in mammals and birds.
Insights into Sleep Consolidation of Memories and Brain Circuit Contributions to Motor Disorders
Songbirds have provided a wealth of new information about brain function (Zeigler and Marler 2008) . Two articles in this issue discuss very hot topics in birdsong research that are likely to dramatically enhance understanding of the roles of (1) the basal ganglia in normal and disease states and (2) sleep in memory consolidation.
Basal ganglia dysfunction affects serial and sequential behaviors, such as speech and language, and underlies a number of disorders, including Parkinson's disease, obsessive-compulsive disorders, Tourette's syndrome, Huntington's disease, and the tardive syndromes (DeLong and Wichmann 2007) . But despite the key role of basal ganglia in brain disease, little is known about how they affect the etiology of these disorders. Even less is known about the exact function of these circuits and their role in driving or modifying normal behavior. Fee and Scharff (2010) review the major advances in knowledge of brain function resulting from studies of the avian song system, and then focus on new studies describing the role of basal ganglia circuits and their interactions with the pallium in the production and learning of song. A key fi nding from this work is that the basal ganglia seem to play a fundamental role in generating the type of variability that facilitates motor exploration during motor learning. This is a fundamental insight previously lacking in mammalian studies and is likely to strongly infl uence how people think about the contribution of basal ganglia circuits to a large range of neuropsychiatric and speech disorders. The authors also describe the role of genes that are selectively expressed in these circuits during vocal ontogeny. Of particular interest is the expression of the FOXP2 gene, which has been implicated in human speech and language disorders (Vargha-Khadem et al. 2005) and in songbirds appears to play a fundamental role in vocal learning (Haesler et al. 2007 ).
Margoliash (2010) highlights recent advances, many from his own laboratory, in the use of songbirds to study the role of sleep in memory consolidation. Sleep is something we humans often crave when we feel physically and mentally exhausted after a long day-we know that a good night's sleep or even a well-timed nap can rejuvenate us. What has become increasingly clear is that sleep also has a profound effect on the human memory system (Walker and Stickgold 2004) . Although work in humans and animals has shown that sleep can help consolidate many different types of memory, little is known about the mechanisms of such consolidation. One of the more intriguing ideas is that events that occurred during the day get replayed and consolidated during sleep.
The strongest evidence of a role for neural circuits in memory consolidation during sleep comes from work on spatial memory in rodents (Wilson 2002 ) and vocal learning in songbirds. One of the crucial advantages of songbirds is the highly precise and predictive nature of neural activation patterns that occur during vocal production. Margoliash describes how to capitalize on the very precise fi ring pattern of single neurons during singing to show that many of these patterns are also present during sleep and may indicate that parts of the bird's song are replayed during this "offl ine" state in certain brain areas.
To illustrate the importance of sleep during the vocal learning process, Margoliash also presents some of his recent fi ndings showing that juvenile birds' brief exposure to a tutor song causes profound changes in sleep neural patterns during the fi rst night after exposure. This and other fi ndings suggest that juvenile birds process their song performance (i.e., how well they were able to match their vocalization to the tutor song) during sleep and use this information to improve their performance the following day. This proposition could revolutionize thinking about the link between sleep, learning, and memory consolidation.
Impact of Social Experience on Song Behavior, Reproductive Physiology, and Offspring Development
Given the often complex social organization of many avian species, birds are important model systems for studies of social structure and its benefi ts and costs. With a few exceptions, laboratory research on birds has not taken full advantage of the infl uence that social organization can have on animal behavior and physiology.
In this issue, White (2010) provides a powerful example of the insights that can be gained by studying social birds.
He describes work on the gregarious brown-headed cowbird (Molothrus ater) in a setting (outdoor aviaries that house large social groupings of birds) that enables precise monitoring of both individual and group behavior as well as physiology and genetics. This work demonstrates the profound infl uence of social experiences not only on the reproductive physiology and behavior of individual birds but also, unexpectedly, on their offspring. A case in point is the observation that females who have an impoverished social experience, but are otherwise healthy, produce offspring that show signifi cantly delayed growth and development.
White's article raises much-needed awareness of the value of a social perspective when keeping animals in captivity and highlights the substantial challenges involved in identifying the correct social stimuli that must be maintained in the laboratory.
Husbandry and Neurobehavioral Experiments in Birds
The vast majority of animal studies at research institutions involve rats and mice. As a result, these institutions have become very "rodent-centric" in their approach to animal care, a focus that often creates diffi culties for scientists who use nonrodent research models because well-developed protocols and suitable expertise are not available for dealing with such research.
In the hopes of at least partially addressing this shortfall, we have tried in this issue to ensure that each article addresses specifi c issues related to the care and husbandry of the bird species discussed. In addition, two excellent articles directly address general aspects of bird husbandry. Bateson and Feenders (2010) discuss husbandry issues related to songbirds, and Kalmar and colleagues (2010) address those for parrots. In a third article I present an IACUC perspective on songbird research and focus on the need to appreciate the differences between rodents and birds as well as the different requirements and needs among distinct species of songbirds. I conclude with a recommendation for operating procedures to standardize husbandry practices for the most commonly used songbird species across institutions. This effort should include input from individual investigators but ultimately should be the work of a committee of investigators and veterinarians who specialize in laboratory animal medicine and have signifi cant experience with birds.
Concluding Remarks
Laboratory research in birds in the behavioral and neural sciences has made many key contributions to knowledge of brain function, but the inability to directly compare brain areas with their mammalian equivalents has hampered the dialogue between the avian and mammalian research communities. With the new avian brain nomenclature and increasing molecular evidence of similarities between avian and mammalian brains, cross talk will become easier and the impact of avian research even greater.
The articles in this issue highlight some of the exciting work being performed in birds to tackle many fundamental questions in the behavioral and neural sciences. The examples described illustrate the diversity of interesting questions and approaches in avian research as well as its potential benefi ts through translation to discoveries that will enhance understanding and treatment of human disease. From a perspective of laboratory animal research, this issue also emphasizes the variety of experimental approaches and species being used and calls for enhanced attention to husbandry and other animal care issues to help support this growing and cutting-edge area of animal research.
